Background/Aims: Lung contusion is a potentially lethal injury. Pleckstrin homology-like domain family A, member-1 (PHLDA1) is known to play crucial roles in cell proliferation and apoptosis. In this study, we investigated the biological role of PHLDA1 in lung contusion. Methods: The expression levels of PHLDA1 and TLR2 were detected by real time PCR and western. The cytokines were determined by ELISA. The inflammatory factors were detected by flow cytometry. The lung injury was determined by HE staining. Results: PHLDA1 gene and protein expression levels were up-regulated in a mouse lung-contusion model, together with increased neutrophil and macrophage contents. Down-regulation of PHLDA1 by interfering RNA (siPHLDA1 mice) decreased lung injury and neutrophil infiltration. Inflammatory factors, including interleukin (IL)-1β, IL-6, mouse homolog of human growth-regulated oncogene-α (KC), tumor necrosis factor-α, CC chemokine ligand (CCL) 2, and CCL12 were also decreased in siPHLDA1 mice. Expression levels of Toll-like receptor 2 (TLR2) were increased in the lungcontusion mouse model, but were decreased when PHLDA1 was down-regulated. Conclusion: These results demonstrate that PHLDA1 plays a critical role in the development of progressive lung contusion and subsequent inflammation. This information furthers our understanding of the pathogenesis of lung contusion, and suggests that PHLDA1 blockade may represent a potential therapeutic strategy for the treatment of this injury.
Introduction
Lung contusion is caused by blunt chest trauma and is associated with a high risk of mortality [1, 2] . Lung contusion also serves as an important independent risk factor for the development of acute lung injury, ventilator-associated pneumonia, and acute respiratory distress syndrome [1, 3] . Patients with lung contusions show various clinical manifestations, including hypercarbia, hypoxemia, decreased lung volume and compliance, exaggerated inflammatory responses, increased respiration, and ventilation perfusion mismatch [1, 4, 5] . These are associated with substantial morbidity and mortality, and thus generate a significant public-health burden. However, the molecular mechanisms responsible for regulating the development and progression of lung contusions remain obscure, and more research regarding their pathophysiology is needed to help generate more effective therapies.
Pleckstrin homology-like domain family A, member 1 (PHLDA1), also known as PHRIP, TDAG51, DT1P1B11, or MGC131738, encodes an evolutionarily conserved prolineglutamine-and proline-histidine-rich protein of 401-amino acids comprising a central pleckstrin homology domain [6, 7] . PHLDA1 was first identified in the context of regulating T-cell apoptosis by inducing Fas expression, and was thus further named as T-cell death associated gene 51 [8] . Subsequent research showed that PHILDA1 plays crucial roles in cell proliferation and apoptosis, which affect cell survival and the development of various cancers, including melanoma, osteosarcoma, breast cancer, colon cancer, intestinal cancer, and gastric cancer [9] . Johnson and colleagues showed that PHLDA1 inhibited cell growth and colony formation, promoted apoptosis, and enhanced the sensitivity of melanoma cells to chemotherapeutic agents, suggesting that its expression may be involved in deregulated cell growth and apoptosis resistance in melanomas [10] . However, the precise role of PHLDA1 in lung contusions remains largely unknown.
In the present study, we explored the role of PHLDA1 in the pathogenesis of lung contusions. We examined PHLDA1 gene and protein expression levels in a mouse lungcontusion model, and determined the effects of down-regulating PHLDA1 with short hairpin RNA (shRNA) on lung injury, neutrophil infiltration, and the levels of inflammatory factors. When detecting the signaling pathway, we found that TLR2 increased in lung contusion mouse model, while decreased when PHLDA1 was down-regulated by shRNA. These results clarify the role of PHLDA1 in the development of lung contusions, and thus provide a new understanding of the pathogenesis of this injury. PHLDA1 blockade may represent a potential therapeutic strategy for lung contusion.
Materials and Methods

Experimental procedures
Male C57/BL6 mice (6-8 weeks old, 20-25 g) were used in this study. All animal-related procedures were approved by the Animal Care and Use Committee of Fudan University, China. Animal experiments were performed in accordance with the established International Guiding Principles for Animal Research. Mice were maintained under a 12 h light/dark cycle at 21°C-24°C in the Animal Housing Unit. Standard laboratory chow and water were provided ad libitum. Animals were allowed to acclimatize for at least 1 week before experimental procedures were undertaken, and were randomly assigned to control or experimental groups.
Mouse model of lung contusion
Male C57BL/6 mice were randomly assigned to two groups. Mice in the control group (siControl) were anesthetized by intraperitoneal injection of a mixture of 100 mg/kg ketamine and 10 mg/kg xylazine. Lung contusions were then induced, as described previously [11] . Briefly, after anesthesia, mice were placed in a left lateral decubitus position and the right chest was struck 1 cm above the costal margin along the posterior axillary line using an electrical cortical contusion impactor with a piston velocity of 5.8 m/s adjusted to a depth of 10 mm. All animals were allowed to recover spontaneously on a warming pad without the use of ventilatory support. Mice in the PHLDA1-knockdown (siPHLDA1) group were injected via the tail vein with lentiviruses expressing PHLDA1 shRNA (2 × 10 7 viruses in 300 μL phosphate-buffered saline per mouse). Mice in the siPHLDA1 + TLR2 group were injected via the tail vein with lentiviruses expressing PHLDA1 shRNA and lentiviruses expressing TLR2. Lung contusions were induced as above, 7 days after lentivirus injection. Albumin concentrations and cytokine levels in bronchoalveolar lavage (BAL) BAL albumin concentrations represent the degree of permeability injury. Albumin concentrations (µg/ml) were measured by enzyme-linked immunosorbent assay (ELISA) using a polyclonal rabbit antimouse albumin antibody and horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG (BD Biosciences Pharmingen, San Diego, CA, USA). Cytokine levels in BAL, including interleukin (IL)-1β, IL-6, mouse homolog of human growth-regulated oncogene-α (KC), tumor necrosis factor (TNF)-α, CC chemokine ligand (CCL) 2, and CCL12 were determined by ELISA. Antibody pairs (one capture antibody and one biotinylated reporter antibody) and recombinant cytokines for these assays were obtained from R&D Systems (Minneapolis, MN, USA).
Flow cytometric analysis and neutrophil contents
Pulmonary-cell suspensions were prepared as described previously [12] . Briefly, pulmonary tissues were well sheared, followed by digestion with collagenase V (1 mg/ml) for 10 min. The cells were then filtered through a 70-μm filter. The cell suspension was centrifuged at 1500 rpm for 10 min, and then washed three times in phosphate-buffered saline. Cells (10 6 ) were stained with fluorescein isothiocyanateconjugated anti-Mac-1 and phycoerythrin-conjugated anti-Gr-1 antibodies (BD Biosciences). Flow cytometric analysis was carried out on a FACS Calibur (BD Biosciences). The number of neutrophils was calculated by multiplying the percentage by the total number of neutrophils in the lung.
Reverse transcription and quantitative real-time polymerase chain reaction (PCR)
Total RNA was extracted from lung tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's protocols. cDNA was synthesized from 500 ng total RNA using PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). Quantitative real-time PCR was performed using SYBR Green PCR master mix (Applied Biosystems, Foster City, CA, USA). PHLDA1 expression was determined using the primers 5′-TCA TCC TTA CTC TCA CCC GC-3′ (forward), and 5′-CTG GAG TTG GTA CGG GTG AG-3′ (reverse). Toll-like receptor 2 (TLR2) expression was determined using the primers 5′-GGG ACG TTT GCT ATG CC-3′ (forward), and 5′-TTA AAG GGC GGG TCA GAG TT-3′ (reverse). The relative expression level of TLR2 was measured using the 2 -ΔΔCT method with β-actin mRNA for normalization.
Western blotting
Cells were homogenized in RIPA lysis buffer with protease inhibitor cocktail. The protein content was measured using a BCA protein assay kit and separated by 10% sodium dodecyl sulfate-polyacrylamide electrophoresis. Proteins were transferred onto polyvinylidene fluoride membranes, and the membranes were blocked with 5% milk for 1 h at room temperature. After incubation with primary antibody at 4°C overnight, the membranes were incubated with the corresponding HRP-conjugated secondary antibody. Signals were visualized after chemiluminescence reaction with HRP Substrate. The protein expression level of glyceraldehyde 3-phosphate dehydrogenase was used as a control.
Statistical analysis
The data were expressed as the mean ± standard error from at least three separate experiments. The statistical significance was determined using Student's t-tests. P < 0.05 was considered significant.
Results
PHLDA1 expression and neutrophil infiltration increased in mice following lung contusion
The successful development of the mouse model of lung contusion induced with an electrical cortical contusion impactor has been reported previously [11] . We evaluated lung histology in mice at different time points after contusion. Lungs showed disruption of normal histoarchitecture, septal edema, and marked pulmonary neutrophil infiltration over time after induction of lung contusion (Fig. 1A) .
Previous studies showed that severe permeability injury in lung contusion was associated with an acute inflammatory response [13] . Albumin levels in BAL provide a specific indicator of the extent of permeability injury. We therefore measured BAL albumin 
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Neutrophils in lungs of siPHLDA1 and siControl mice were detected and the number of neutrophils was calculated by multiplying the percentage by the total number of neutrophils in the lung (n = 5 per group). Statistical analysis was performed using two-tailed unpaired t-tests. *P < 0.05, **P < 0.01. increased 48 and 72 h after lung contusion ( Fig. 1C and 1D ), indicating an important role of PHLDA1 in the development of lung contusions. Neutrophil infiltration has been reported to be mechanistically important in driving the acute inflammatory response following lung contusion [11, 13, 15] , and we therefore evaluated the numbers of neutrophils (Gr-1 + Mac-1 + ) in the lung based on two-parameter flow cytometric analysis, and showed that the numbers of neutrophils increased significantly 48 and 72 h after lung contusion (Fig. 1E) .
PHLDA1 knockdown decreased lung contusion and neutrophil infiltration
We explored the functional role of PHLDA1 in mechanical injury after lung contusion by performing in vivo PHLDA1-knockdown experiments. Successful PHLDA1 knockdown was confirmed by significant decreases in PHLDA1 mRNA and protein in the lung in siPHLDA1 mice compared with siControl mice ( Fig. 2A and 2B ). PHLDA1 knockdown prevented pulmonary histological changes, including degeneration, septal edema, necrosis, and neutrophil infiltration (Fig. 2C) . BAL albumin levels were significantly decreased in siPHLDA1 mice at 48 and 72 h after lung contusion compared with siControl mice (Fig. 2D) . The number of infiltrated neutrophils was also significantly decreased in siPHLDA1 mice (Fig. 2E) . These results suggest that inhibition of PHLDA1 plays a protective role during lung contusion.
Cytokine response decreased significantly in siPHLDA1 mice
We evaluated the role of PHLDA1 in the production of inflammatory mediators following lung contusion by measuring the levels of the inflammatory cytokines IL-1β, IL-6, KC, TNF-α, CCL2, and CCL12 in BAL using ELISA. IL-1β, IL-6, and KC levels were all significantly lower in siPHLDA1 mice at 24 and 48 h compared with siControl mice (Fig. 3A-C) . TNF-α levels were significantly lower in siPHLDA1 mice at 48 and 72 h after lung contusion (Fig. 3D) , while CCL2 levels were significantly decreased in siPHLDA1 mice at 24, 48, and 72 h, and CCL12 levels at 48 and 72 h following lung contusion, compared with siControl mice (Fig.   Fig. 3 . Levels of inflammatory cytokines were significantly decreased in siPHL-DA1 mice following lung contusion. IL-1β, IL-6, KC, TNF-α, CCL2, and CCL12 levels in BAL fluid were determined in siPHLDA1 and siControl mice by ELISA (n = 5) (A-F). Statistical analysis was performed with twotailed unpaired t-tests. *P < 0.05, **P < 0.01.
PHLDA1 promoted lung contusion via TLR2 signaling pathway
TLRs are non-catalytic receptors characteristically expressed on innate immune cells such as macrophages and dendritic cells, and play important roles in the immune system though recognition of non-self matter [16] . The TLR2-mediated signaling pathway is mainly involved in inflammatory reactions, such as lung contusion [15] . Lyu et al. showed that TLR2 stimulation could increase PHLDA1 expression via the JAK2-ERK1/2-STAT3 signaling pathway [16] , indicating a relationship between TLR2 and PHLDA1. We investigated if PHLDA1 promoted lung contusion by regulating the TLR2 signaling pathway.
We isolated total RNA from lungs of control and siPHLDA1 mice and detected the expression levels of TLR2 by real-time PCR. TLR2 mRNA expression in siControl mice increased gradually with progression of lung contusion, peaking at 48 h, while expression levels were significantly lower in siPHLDA1 mice at all the tested time points (Fig. 4A) . TLR2 protein levels in siControl mice also increased gradually and peaked at 48 h, as detected by western blotting, showing a similar trend to mRNA levels (Fig. 4B) . However, TLR2 protein levels were significantly lower in siPHLDA1 mice compared with siControl mice (Fig.  4B) . To further explore whether PHLDA1 promotes lung contusion via the TLR2 signaling pathway, we performed TLR2 overexpression using lentivirus injection into siPHLDA1 mice (siPHLDA1+TLR2). TLR2 overexpression promotes lung contusion, as evidenced by obvious pulmonary histological changes at 48h as compared with that in siPHLDA1 mice (Fig. 4C) . The number of infiltrated neutrophils was also significantly increased in siPHLDA1+TLR2 mice at 24h, 48h and 72h after lung contusion as compared with siPHLDA1mice (Fig. 4D) . These results suggest that PHLDA1 promoted lung contusion via the TLR2 signaling pathway. (D) Neutrophils in lungs of siControl, siPHLDA1 and siPHLDA1+TLR2 mice were detected and the number of neutrophils was calculated by multiplying the percentage by the total number of neutrophils in the lung (n = 5 per group). Statistical analysis was performed with two-tailed unpaired t-tests. *P < 0.05, **P < 0.01.
Discussion
Lung contusion is a life-threatening disease with high mortality, but no specific therapies are currently available [17, 18] . Detailed knowledge of the mechanisms regulating the pathogenesis and development of lung contusion is therefore essential for developing novel and effective therapies.
In the present study, we successfully established a lung-contusion model in C57BL/6 mice using an electrical cortical contusion impactor with a piston velocity of 5.8 m/s adjusted to a depth of 10 mm. Mice with lung contusions showed histoarchitecture disruption, septal edema, pulmonary neutrophil infiltration, and increased BAL albumin levels, which all predict the development of lung contusions.
Accumulating evidence supports roles for PHLDA1 in various biological processes. Zhao and colleagues found that PHLDA1 expression levels were decreased in 57.1% of gastric carcinomas, and there was a large difference in overall survival between PHLDA1-negative and -positive patients, suggesting that PHLDA1 plays an important role in tumor progression, and may represent a new adjunct prognostic biomarker for gastric carcinoma [19] . Another study by Li et al. showed that PHLDA1 was down-regulated in primary breast cancer, and its expression levels were significantly lower in ErbB2-negative compared with ErbB2-positive tumors, suggesting an inhibitory role of PHLDA1 in ErbB2-driven lung and breast cancer cells [20] . We explored the potential role of PHLDA1 in lung contusion and found that PHLDA1 mRNA and protein expression levels increased gradually during disease progression, suggesting that PHLDA1 may promote lung contusion. Pulmonary injury and BAL albumin levels decreased significantly when PHLDA1 expression was down-regulated by shRNA, indicating that inhibition of PHLDA1 may play a protective role during the process of lung contusion.
Accumulating evidence supports the importance of neutrophils in the progression of lung contusion [21] . Perl et al. found that neutrophil numbers were increased in a mouse model of lung contusion, while neutrophil depletion significantly diminished IL-1β and IL-6 concentrations in the lung, and reduced the degree of acute lung injury, indicating a pathomechanistic role for neutrophils in chest-trauma-induced acute lung injury [22] . The present study found that neutrophil numbers increased after lung contusion, consistent with these previous findings. However, PHLDA1 down-regulation decreased neutrophil numbers in the lung, demonstrating an association between PHLDA1 and neutrophil infiltration in lung contusion. Further studies are needed to explore this relationship.
Previous studies have shown a correlation between inflammatory factors and lung contusion [13, 23] . In the present study, BAL levels of the inflammatory cytokines IL-1β, IL-6, KC, TNF-α, CCL2, and CCL12 increased significantly during the development of lung contusion and were decreased by PHLDA1 knockdown, demonstrating the involvement of PHLDA1 in regulating the production of inflammatory cytokines.
We also investigated the signaling mechanism whereby siPHLDA1 protects against lung contusion. TLR2 is known to play pleiotropic roles in many biological processes [24] [25] [26] . Hoth et al. found that pulmonary edema and neutrophil infiltration were significantly reduced in TLR2 (-/-) mice compared with wild-type mice, indicating the involvement of TLR2 in the neutrophil response to acute lung injury [11] . We therefore investigated the potential role of TLR2 in the pathogenesis of lung contusion, and showed that TLR2 expression levels increased significantly during disease progression, and decreased following PHLDA1 downregulation. Moreover, overexpression of TLR2 in siPHLDA1 mice promotes lung contusion and neutrophil infiltration, confirming that PHLDA1 promotes lung contusion via the TLR2 signaling pathway.
In this study, we found that PHLDA1 blockade protects against lung contusion. However, it is still unclear whether this is a local effect or a systemic effect as PHLDA1 was systemically inhibited using lentivirus. It could be that inhibition of PHLDA1 in the blood and marrow prevents neutrophils from mobilizing to the injury site in lung. Conversely, it could be that PHLDA1 is produced locally in the lung and its inhibition prevents neutrophil infiltration.
